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Abstract

An extended reanalysis, a combination of observations and model output, is used to
examine the spatial patterns of physical variables associated with the Atlantic
Multidecadal Oscillation (AMO) from 1871-2008. The results are presented as anomalies
during positive and negative phases of the AMO. As in previous studies, during positive
(negative) AMO phases the sea surface temperature (SST) is anomalously warm (cold)
over most of the North Atlantic, with the exception of the east coast of the United States.
The atmospheric patterns associated with the positive phase of the AMO, include
anomalous low pressure over the Atlantic between 20°S-50°N, cyclonic surface winds
around the low, reduced wind speeds over the tropical Atlantic and enhanced
precipitation in the eastern tropical Atlantic, with roughly opposite conditions during
negative AMO phases. There are, however, substantial differences in the SST and the
atmospheric anomalies between periods of the same phase, especially in the extratropics.
Correlations between the AMO and air temperature anomalies are positive over much of
the globe between 40°S and 50°N, with correlations exceeding 0.6 (~95% significance
level) over the Maritime Continent and northern rim of the Pacific Ocean. Most of the sea

level pressure (SLP) anomalies beyond the Atlantic are not statistically significant.



Highlights:
We investigated patterns of SST and atmospheric variability during phases of the AMO.
During positive AMO phases:
SST is anomalously warm over most of the North Atlantic;
low pressure extends over the Atlantic between 20°S-50°N;
wind speeds are reduced over the tropical Atlantic;
precipitation is enhanced in the eastern tropical Atlantic.
Roughly opposite conditions occur during the negative AMO phases.

There are substantial differences between periods, especially in the atmosphere.

Key Words: Ocean-atmosphere system; surface temperature; sea level pressure;

atmospheric precipitations; reanalysis

Regional Terms: North Atlantic Ocean (0°-70°N, 80°W-10°E)



1. Introduction

The Atlantic Ocean exhibits variability over a wide range of temporal and spatial
scales but has pronounced variability at decadal and multidecadal timescales. While there
is an extensive history of studies on decadal variability in the North Atlantic (e.g.
Bjerknes, 1964; Deser and Blackmon, 1993; Kushnir 1994; Schlesinger and Ramankutty,
1994), the term Atlantic Multidecadal Oscillation or AMO was first used in an editorial
article by Kerr (2000) to describe slowly varying sea surface temperature (SST)
anomalies that extend over most of the North Atlantic. The AMO is associated with the
North Atlantic’s dominant pattern of SST variability, with anomalies of the same sign
over most of the basin but with larger anomalies in a horseshoe shape that includes the
tropical Atlantic, the eastern portion of the entire basin, and from south of Greenland
extending northwestward into the Labrador Sea. Over the past decade our knowledge of
the AMO has increased greatly, including its evolution, spatial structure, potential causes,
and impacts on climate and ecosystems (e.g. see Enfield et al., 2001; Lehodey et al.,
2006; Delworth et al., 2007). Here we provide a brief background on the AMO and then
examine its impact on climate during positive and negative phases of the AMO over ~140
years.

AMO indices have been calculated using a number of different methods (see Fig. 1 in
Nigam et al., 2011, which presents several estimates of the AMO time series), but it has
often been defined as the low-pass filtered SST anomaly averaged over the North
Atlantic. The large-scale temperature changes over the North Atlantic are convolved with
global climate change induced by an increase in greenhouse gases. Indeed the combined

effects of anthropogenic climate change and the positive phase of the AMO since the



1990s may have caused a more rapid warming in the North Atlantic than would be
expected from climate change alone (Andronova and Schlesinger, 2000; Belkin, 2009;
Knudsen et al., 2011). Several different methods have been used to remove the
anthropogenic signal including: linearly detrending the North Atlantic SSTs (Enfield et
al., 2001; Sutton and Hodson, 2005), subtracting the global mean SST from the Atlantic
SSTs (Trenberth and Shea, 2006), employing rotated Empirical Orthogonal Function
analysis on the global SST field to separate the AMO from anthropogenic SST changes
as well as from the influence of the Pacific on the Atlantic (Mestas-Nufez, and Enfield,
1999; Guan and Nigam, 2009), and using twentieth century climate model simulations to
define and then separate the externally forced (including greenhouse gasses) SST
variations from the naturally varying component (Ting et al., 2009, Ting. et al., this
issue).

The period of the AMO has been estimated to be 60-80 years (Schlesinger and
Ranakutty, 1994; Delworth et al., 2007) but the length and consistency of the oscillation
cycle is the subject of considerable debate. Given that there is ~160 years of SST data in
the North Atlantic, only 1.5-2 cycles AMO cycles have been observed, making it
impossible to determine whether this phenomena oscillates with a set periodicity. In
addition, the method used to construct the AMO index as well as smoothing or
detrending the SSTs results in oscillations of different frequencies (Vincze and Janosi,
2011). While paleoclimate data (Gray et al., 2004; Knudsen et al., 2011; Kilbourne et al.,
2012) and climate models (Knight et al., 2005; Danabasoglu, 2008, Ting et al. 2009, this
issue) provide additional evidence for the AMO, they also indicate that the oscillations

are irregular with extended periods when they did not occur. Thus, Atlantic Multidecadal



Variability (AMV; Knight et al., 2005) rather than the AMO is perhaps more appropriate
terminology for this phenomenon.

A wide variety of processes can contribute to decadal SST variability in the Atlantic,
including: 1) fluctuations in the surface heat fluxes (e.g. Chiang and Bitz, 2005) that can
result in variability on decadal time scales when integrated over the deep winter mixed
layer in the North Atlantic (Frankignoul and Hasselmann, 1977; Deser et al., 2003); ii)
wind driven ocean currents that can result in decadal variability either by advection of the
anomalies by the mean currents (e.g. Dickson et al., 1988; Hansen and Bezdek, 1996;
Saravanan and McWilliams, 1998) or by the change in the strength or position of the
ocean gyres and Gulf Stream (Frankignoul et al., 1997; Sturges et al., 1998); iii) decadal
fluctuations in sea ice (Deser and Blackmon, 1993; Deser et al., 2002) and iv) changes in
the strength of the Atlantic Meridional Overturning Circulation (AMOC) the Atlantic
portion of the thermohaline circulation. As part of AMOC, water sinks in the Labrador
Sea and other high latitude locations, flows south at depth over the entire length of the
Atlantic Ocean and returns north at the surface, although the actual circulation is quite
complex and involves eddies and recirculation gyres (Lozier, 2010). Other processes
including anthropogenic warming, which slows the thermohaline circulation (IPCC,
2007), and solar and volcanic forcing (Otterd et al., 2010) can modulate AMOC and thus
the AMO. Anthropogenic forcing may also contribute directly to low-frequency Atlantic
SST variability due to non-linear greenhouse gas warming, and cooling during periods
with increased manmade and/or natural aerosols (Mann and Emmanuel, 2006; Booth, et

al., 2012).



While a range of factors influence multi-decadal Atlantic SST variability, the
foremost hypothesis invokes fluctuations in the northward heat transported by AMOC to
explain the AMO. Polyakov et al. (2005, 2009) linked the SST anomalies in the North
Atlantic to multidecadal fluctuations in subsurface temperature and salinity that are
consistent with changes in the overturning circulation. The subsurface data, however, are
not of sufficient quantity and duration to determine multi-decadal oscillations in AMOC.
Evidence for the link between the AMO and AMOC primarily comes from climate
models, in which multidecadal variability in the overturning circulation over centuries
long integrations results in Atlantic SST anomalies that resembles the AMO pattern. The
timescale of the AMOC variability, however, varies between models and most have
oscillations that are of shorter duration (~20-40 years) than the observed fluctuations in
the AMO.

There are many competing hypotheses for oscillations in AMOC (see reviews by
Delworth et al., 2007; Liu et al., 2012). For example, studies have found conflicting
results as to whether anomalies in temperature, salinity, or both are critical for regulating
sinking of dense water at high latitudes, a key component of AMOC variability. It is also
unclear whether random atmospheric variability can force AMOC oscillations (e.g.
Griffies and Bryan, 1997) or if atmosphere-ocean feedbacks are necessary for oscillations
to occur (e.g. Timmerman et al. 1998).

The AMO exhibits positive (warm) and negative (cool) phases, where the difference
between extremes is ~0.5°C (Fig. 1). Although the exact timing of the switch from a
positive to negative phase depends on the data set used (Fig. 4) and how the index is

calculated, negative/cold phases occurred from approximately 1900-1925 and 1965-1994



while positive/warm phases occurred from approximately 1875-1899, 1926-1965 and
1995-present. Positive phases of the AMO have been associated with low precipitation,
droughts, reduced stream flow and elevated temperature in the southern US (Enfield et
al., 2001; Sutton and Hodson, 2005, 2007, Nigam et al. 2011), but also with increased
frequency and intensity of hurricanes (Goldenberg et al., 2001; Zhang and Delworth,
2006). Changes in ecosystem structure have been attributed to positive or negative
phases of the AMO (see Nye et al. this issue).

Here we examine the spatial structure of SST and atmospheric anomalies during
different phases of the AMO, focusing on the Atlantic sector but also including some
global analyses. Our goal is to link the basin-scale AMO index to patterns of variability
in the atmosphere and SST, so that oceanographers, meteorologists, and especially
marine ecologists, may better gauge the regional expression of the AMO, its consistency
between periods and its potential influence on ecosystem processes. In addition, the data
source used here enables us to examine atmospheric fields over the ocean in the warm
period in the late 19" century, whereas most previous AMO studies have either used data

beginning in 1900 or focused on conditions over land.

2. Data and methods

2.120" century reanalysis

The atmospheric fields presented here are obtained from the “20th century reanalysis”
(20CR; Compo et al., 2011), which actually extends from 1871 to 2008. Reanalyses,
which combine observations with model-generated fields, are widely used in atmospheric

and ocean sciences to study climate variability. Data assimilation uses statistical methods



to merge observations that are distributed irregularly in space and time, with an estimate
of the state of the system given by a numerical model. While data assimilation systems
are continually updated for initializing weather forecast models, a reanalysis uses the
same assimilation method and model to reduce artificial discontinuities and thus are very
useful for studying climate variability. Most reanalyses of the atmosphere begin after
1949 when upper air atmosphere measurements became available. The 20" century
reanalysis only assimilates sea level pressure (SLP) measurements and so it can be
extended back into the 19" century. SST and sea ice values were used as boundary
conditions for the atmospheric model in 20CR are obtained from the HadISST data set
(Rayner et al., 2003). The 20CR applies an advanced assimilation method, an ensemble
Kalman filter, where the background error covariance necessary for estimating the state
of the system, can vary with time. In the 20CR a set of 56 model simulations of the
National Center for Environmental Prediction (NCEP) Global forecast system (GFS)
model (experimental version circa April 2008) are used to estimate the error covariance
matrix at six-hour intervals.

The 20CR output includes fields of atmospheric variables and an estimate of their
uncertainty on a 2° latitude-longitude grid. The uncertainty arises from a lack of
observations, measurement errors, model bias, and the finite number of ensemble
members. The uncertainty tends to decrease as the density of observations increased from
the 19" century through most of the 20™ century. The uncertainty is also flow-dependent,
e.g. it tends to be greater in regions of strong gradients, and differs among variables, e.g.
the uncertainty is generally larger for precipitation than sea level pressure (Compo et al.,

2011).



2.2 AMO definition

We calculated the AMO index following Enfield et al. (2001) by linearly detrending
and applying a running 10-year mean to the monthly SST anomalies and then averaging
the values over North Atlantic (0°-70°N, 80°W-10°E). The monthly anomalies are the
deviations from the long-term monthly means over the entire 1871-2008 period obtained
from the HadISST data set that had been interpolated to the 20CR reanalysis grid by

Compo et al. (2011).

2.3 Additional data sets

In addition to the 20" century reanalysis/HadISST fields, the representation of the
AMO and regional North Atlantic SST and air temperature anomalies are compared using
additional data sets, including the: NOAA Extended Reconstruction SST (ERSST,
version 3B, Smith et al., 2008), which now extends back to 1854; Kaplan extended SST
version 2 (version 2; Kaplan et al., 1998); and SST and surface air temperature from the
International Comprehensive Ocean-Atmosphere Data Set (ICOADS, Release 2.5,
Woodruff et al., 2011). The datasets, including the HadISST, generally use the same SST
observations obtained from merchant ships, research vessels and buoys, but with different
processing. For example, in ICOADS observations are averaged within a grid square
leaving regions without data as undefined, while sophisticated statistical methods are
used to fill in data gaps in the ERSST and Kaplan datasets. The variable times series at
each grid square from these datasets are linearly detrended prior to computing the

anomalies in all of the analyses.
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3. Results
3.1 North Atlantic

The AMO index clearly shows multi-decadal variability that is even apparent in the
unfiltered monthly SST anomalies (Fig. 1). Based on Fig. 1 and previous studies of the
AMO, we averaged the monthly anomalies over the following warm periods: 1871-1990,
1930-1963 and 1995-2008 and cold periods: 1905-1925 and 1968-1994. The epochs are
separated by five years to avoid times when the AMO is near zero and its phase uncertain,
except for the transition to the last epoch in the mid 1990s so the final warm period
average could be as long as possible. The SST anomalies over the North Atlantic during
these five periods are shown in Fig. 2 along with the long-term mean SST and the
correlation between the AMO and 10-year running mean SST anomalies.

Consistent with the definition of the AMO, the sea surface temperature is above
normal over much of the North Atlantic during the warm periods (Fig. 2 a,c,e) and below
normal during the cold periods (Fig. 2 b,d). The anomaly pattern generally has a reverse
“c” or horseshoe shape with positive values in the north tropical Atlantic, off the coast of
Africa and Europe and across the basin between about 50°N-60°N during the three warm
periods and negative values in these regions during the two cold periods. However, both
the pattern and magnitude of the SST anomalies varies between periods. For example, the
anomalies off the coast of the mid-Atlantic States (~35°N, 75°W) are near zero during

1871-1900, positive during 1930-1963, and negative during 1995-2008. In addition, there
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is a tendency for the amplitude of the anomalies to increase over the period of record
particularly to the east of Newfoundland, where they exceed 0.5°C in the last two epochs.

While the decadal SST anomalies may vary due to fluctuations in the strength and
position of the Atlantic meridional overturning circulation and hence the AMO, several
additional factors may influence the decadal SST anomalies including that: 1) the amount
of data has generally increased through time and thus anomalies in the early part of the
record may not have been recorded; 2) linearly de-trending the data may not remove all
of the global warming signal, which then could be aliased into the AMO; 3) processes
which may not be related to the AMO such as fluctuations in the gyres, persistence of
anomalies due to the very deep mixed layers in the North Atlantic, atmospheric forcing
that is random and/or is associated with teleconnections from other basins, etc.

The correlation between the AMO and local SST anomalies are shown in Fig. 1f.
Even though there is 138 years of data, the very high autocorrelation in the AMO time
series results in only ~6 degrees of freedom, which requires a correlation value of ~|0.6|
to exceed the 95% confidence interval (e.g. Wilks, 1995). The AMO-SST correlations
exceed 0.6 over much of the North Atlantic and reach 0.9 in a band extending from
northeast of Brazil to the west of Portugal. In the Southern Hemisphere, positive
correlations occur along the west coast of Africa but are near zero over the rest of the
basin between about 5°-20°S.

The SST anomalies were filtered with a 12-month running mean for regions in the
North Atlantic, East Atlantic and Tropical Atlantic (Fig. 3; the regions are denoted by
grey rectangles in Fig. 2a). The multidecadal SST variability in all three regions closely

tracks the AMO especially in the East and Tropical Atlantic regions, with the magnitude
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of the anomalies on the order of 0.2°C. The main exception are the SST anomalies in the
North Atlantic region which exhibit an amplified multi-decadal oscillation since ~1960.
Fluctuations on shorter time scales are readily apparent from the 12-month running mean
values, with amplitudes of up to 0.8°C in the North Atlantic region. Previous studies have
indicated strong decadal (9-15 year) variability south of Greenland (Deser and Blackmon,
1993; Deser et al., 2002). As a result, short-term averages may not provide an accurate
representation of variability associated with the AMO; for example negative SST
anomalies occur in the North Atlantic region during the late 1940s in the middle of an
AMO warm period. In addition, if measurements are taken infrequently, then shorter
period SST variability may be aliased into estimates of the regional AMO signal.
Aliasing may be of greater concern for some biological and subsurface ocean variables,
which are measured less frequently than SST.

One measure of uncertainty in the AMO and the related regional SST anomalies is
how they differ across data sets. The AMO and 10-year running mean SST time series in
the Tropical, East and North Atlantic regions obtained from the ERSST, Kaplan, and
ICOADS are presented in Fig. 4, along with the HadISST time series (repeated from Fig.
3). Whereas all of the time series show the decadal warm and cold periods associated
with fluctuations in the AMO, differences in the magnitude of the anomalies and
temporal evolution, especially for the Northern Region, are readily apparent. For
example, the zero crossings for the AMO and the three regional SST time series differ by
as much as five years between datasets. The ICOADS air temperature anomalies
averaged over the entire North Atlantic (AMO region) as well as for the three sub regions

are also shown (as magenta lines) in Fig. 4. While the air temperature time series confirm
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the warm and cold epochs associated with the AMO, they are more variable and depict a
negative anomaly around 1910 that is much more pronounced than in the SST data. In
addition to responding to the AMO, air temperatures over the North Atlantic are strongly
influenced by other factors such as the North Atlantic Oscillation (NAQO), local
conditions and random weather related fluctuations, which contribute to variability even
on decadal time scales.

The AMO and its impact on climate can vary with the seasonal cycle, for example the
AMO appears to have the strongest impact on precipitation over North America during
summer (e.g. Nigam et al. 2011). We explore the seasonal influence of the AMO on the
ocean in Fig. 5, which shows the (unfiltered) SST anomalies as a function of calendar
month averaged over the years in each of the five epochs for the Tropical, East and North
Atlantic regions. The mean seasonal cycle of SSTs over the entire record (1871-2008) are
also shown in Fig 5 for the three regions. (The mean and anomalous SSTs are shown
separately because the anomalies are small and thus the total SST values in each epoch
nearly overlap each other.) The mean seasonal cycle increases in amplitude with the
latitude of the region, i.e. it is approximately 1.25, 2.5 and 4 °C for the Tropical, East and
North Atlantic regions, respectively. In general the SST anomalies in each epoch are
positive during warm epochs and negative in cold in all 12 calendar months, with the
exception of those averaged over 1905-1925 and 1930-1963 during May and in 1871-
1900 during July-September in the North Atlantic region (Fig. 5), reflecting the greater
non-AMO related variability there (highlighted in Fig 3). The anomalies in the Tropical
and East Atlantic regions, while exhibiting some variability as a function of season, are

fairly uniform with absolute values of 0.05 to 0.3°C. Although the sample size is small,
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the results suggest that the small positive AMO-related change in temperatures over the
course of the year, would result in a slightly earlier occurrence of thermal spring over
most of the North Atlantic in warm epochs and the reverse in cold epochs.

The sea level pressure anomalies during all five periods are shown in Fig. 6. The
magnitude of the anomalies ranges from 0.1-1.0 mb with anomalously low pressure over
the tropics in both hemispheres that extends to ~45°N over the North Atlantic during the
warm periods (Fig. 6a, c, e) and high pressure over these regions during the cold periods
(Fig. 6b, d). These tropical anomalies are consistent with the model response to specified
AMO-derived SST anomalies in the North Atlantic (Sutton and Hodson, 2007; Delworth
et al., 2007). The spatial structure of the SLP anomalies is similar during the warm
periods of 1871-1900 and 1995-2008 exhibiting a meridional dipole with negative
anomalies between 20°N-45°N and positive anomalies north of 50°N. The cold period of
1905-1925 has a similar pattern but with the signs reversed. The anomaly pattern during
these three periods resembles the North Atlantic Oscillation (NAQO), a north-south dipole
in sea level pressure. Some climate modeling experiments indicate a link between
AMOC/AMO and the NAO, but the exact mechanism, including whether the whether the
NAO drives or responds to the AMO and the resulting lead/lag relationship between the
two, depends on the study (e.g. Danabasoglu et al., 2012; Kwon and Frankignoul, 2011;
Gastineau and Frankignoul, 2012).

The SLP anomaly pattern is quite different during the warm epoch of 1930-1963 and
the cold epoch of 1968-1994, when anomalies of the same sign cover most of the North
Atlantic with maximum amplitude near 55°N in the eastern half of the basin (Fig. 6). It is

unclear why the SLP anomalies during these two periods have similar patterns (with the
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opposite sign) but differ from the meridional dipole structure during the other three
periods. There is not an obvious link to the SSTs that occurred during 1930-1963 and
1968-1994 (Fig. 2) that would cause the SLP anomalies to differ during these epochs.
Other factors besides the AMO-related SST anomalies influence the atmosphere over the
North Atlantic, including SSTs in other ocean basins, sea-ice anomalies and especially
variations due solely to atmospheric processes. For example, differences in sea-ice
concentration can influence atmospheric anomalies (e.g. Alexander et al., 2004), and the
spread among atmospheric model simulations to the same prescribed SSTs indicates that
internal atmospheric variability can obscure the atmospheric response to the ocean and
ice anomalies (e.g. Alexander et al., 2002; Alexander et al., 2004).

The long-term mean SLP and the correlation between the AMO and the grid values of
the low-pass filtered SLP anomalies are shown in Fig. 6f. The mean pressure pattern
depicts the subtropical high centered at 35°N, 30°W and the Icelandic low at 60°N, 35°W.
The negative correlations between the AMO and SLP are significant (< -0.6) on the
eastern side of the subtropical North Atlantic. Thus, warm SSTs associated with the
positive phase of the AMO results in negative SLP anomalies that weaken the subtropical
high.

The anomalous surface wind direction (gray arrows) and surface wind speed
anomalies (shading/contours) for each of the five periods along with the mean wind
direction and the correlation between the AMO and the wind speed are shown in Fig. 7.
The anomalous winds are from the west over the Atlantic between approximately 0°-
20°N during the warm periods (Fig. 7a, c, ) and from the east during the cold periods

(Fig. 7b, d). Since the mean trade winds blow from east to west over most of the tropical
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Atlantic (Fig. 7f), the anomalies oppose the mean winds during warm periods and
increase the winds during cold periods, resulting in negative correlations between the
AMO and wind speed across the Atlantic between 0°-20°N (Fig. 7f). The circulation is
cyclonic (counterclockwise in the Northern Hemisphere) over the eastern subtropical
Atlantic during the three warm periods and anticyclonic during the two cold periods. The
center of these circulation anomalies is somewhat variable between periods but is
generally located in the vicinity of 20°N, 30°W. As anticipated, extratropical winds
follow the geostrophic relationship with cyclonic (anticyclonic) circulation (Fig. 7a-e)
around low (high) pressure systems (Fig 6a-¢). Compared to the tropics, the wind speed
anomalies in the middle and high latitudes are more variable between periods as they are
more strongly influenced by internal atmospheric processes. While ocean currents
associated with the Atlantic meridional overturning circulation may still maintain warm
SSTs, the anomalous extratropical winds are very different during 1930-1963 compared
to the other two warm periods. For example, they are stronger and from the northwest
over the Labrador Sea during 1930-1963 in contrast to anomalous winds from the
east/southeast during 1871-1900 and 1995-2008. The associated net surface heat fluxes
cool the underlying ocean (not shown), and along with wind-driven currents, may explain
why the Labrador Sea exhibits little overall warming, and even negative SST anomalies
over the eastern portion of the Sea, during 1930-1963 (Fig. 2c¢).

The precipitation anomalies during the five epochs generally show enhanced
precipitation between 0°-20°N in the eastern Atlantic during warm AMO periods (Fig. 8a,
¢, ) and decreased precipitation during cold periods (Fig. 8b, d). In addition, there is

some tendency for the anomalies over the tropical Atlantic in the Southern Hemisphere to
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be of opposite sign to those to north of the equator but not during every epoch. The
amplitude of the anomalies is on the order of 0.1-0.6 mm day™. Correlations between the
AMO and the local precipitation (Fig. 8f) exceed the 95% significance level of 0.6 in the
vicinity of 15°N, 25°W. Given that the annual mean precipitation over the Atlantic is
concentrated in the Intertropical Convergence Zone (ITCZ) between approximately 5°S-
10°N (Fig. 8f), the structure of the anomalies indicate a northward shift of the ITCZ.
The precipitation anomalies beyond the tropical Atlantic are more variable and it is
difficult to discern a clear relationship with the phase of the AMO. The correlation
pattern (Fig. 8) suggests enhanced precipitation over the Sahel (across Africa between
10°-20°N) and reduced precipitation over equatorial Africa and the eastern United States
south of ~45°N except for southern Florida. These signals, albeit weak, are consistent
with previous studies linking the AMO to continental precipitation (e.g. Folland et al.,
1986; Enfield et al., 2001; Zhang and Delworth, 2006; Ting et al., 2011; Nigam et al.,

2011).

3.2 Global AMO signal

While the AMO is centered in the Atlantic its influence may well extend to the Arctic,
Pacific Ocean and other parts of the globe (e.g. see Enfield et al., 2001; Knight et al.,
2005; Zhang and Delworth, 2007; Chylek et al., 2009). The link between multidecadal
North Atlantic SST fluctuations and atmospheric variability is examined via correlations
and regressions between the AMO and both sea level pressure and surface air
temperature (SAT) from the 20CR (Fig. 9). While correlation and regressions provide

related information, one can better gauge the robustness of the relationship from
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correlations but the magnitude of the change (relative to the AMO) from regressions. The
variables were first low-pass filtered using a 10-year running mean. The results are
presented for the globe north of 40°S, due to a lack of observations over the Southern
Oceans and Antarctica, although AMO-related SST anomalies in the Southern Ocean
appear to be out of phase with those in the North Atlantic (e.g. Deser et al., 2010).

The AMO-SLP correlations and regressions, indicate warm SSTs in the Atlantic are
associated with low pressure (negative values) over the subtropical South Atlantic as well
as the North Atlantic where the latter extend eastward over nearly all of Africa, across
southern Asia and the northern Indian Ocean, and over the Maritime Continent. Low
pressure also occurs over the northeast Pacific. The AMO is associated with anomalously
high pressure over eastern Asia, the Rocky Mountains, the Arctic and portions of the
Southern Ocean. However, the correlations are generally below 0.6 (the 95% confidence
interval) outside the north tropical Atlantic and northern Indian Ocean, and the magnitude
of the regressions is generally less than 2 mb per °C change in the AMO in midlatitudes
and 4 mb per °C over the Arctic.

The correlation between the AMO and SAT anomalies is positive over much of the
globe between 40°S and 50°N, with correlations exceeding 0.6 over the Maritime
Continent/western tropical Pacific and the northern rim of the Pacific. The main
exception is the central equatorial Pacific, which has a weak negative relationship with
the AMO. SST variability in the central and eastern equatorial Pacific is mainly
controlled by El Nino and the Southern Oscillation (ENSO), rather than the AMO, even
on decadal time scales. However, surface air/sea temperature anomalies (SST and the

overlying SAT are strongly correlated at seasonal and longer time scales) in the west
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Pacific, influence the winds and SSTs in the central Pacific; e.g. when temperatures are
warmer in the west, the easterly trade winds increase over the equator in the central
Pacific enhancing upwelling thereby cooling the SST and SAT. This process may lead to
the modest negative correlation between the AMO and temperature anomalies in the
central and eastern equatorial Pacific. While these correlations are not statistically
significant, they are consistent with the observational analysis of Deser et al. (2010), as
well as the modeling study of Zhang and Delworth (2005) who found that a decrease in
AMOC and the associated cold AMO-like SSTs in the North Atlantic resulted in El Nifio
conditions in the tropical Pacific. The regression between the AMO and SAT are greater
over continents and the Arctic compared with the ocean, due to the moderating influence
of the oceans on air temperature variability. The magnitude of the regression coefficients
exceeds 2°C per °C AMO change in some locations including central North America,
although the pattern is noisy and may reflect unrelated local variability (large amplitude

but low correlation).

4. Summary and Discussion

Our analysis of a recently developed extended reanalysis explores the spatial and
temporal patterns of SST and atmospheric variables associated with the AMO. The
AMO-related North Atlantic sea surface temperature anomalies are warm during 1871-
1900, 1930-1963, 1995-2008 and cold during 1905-1925, 1968-1994. The SST anomalies
are fairly consistent over the course of the seasonal cycle within an epoch, i.e. the period
mean anomalies are nearly all positive (negative) during all calendar months in a warm

(cold) epoch, but the pattern and amplitude of the anomalies clearly differ between
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epochs. Decadal SST anomalies in regions of the tropical Atlantic, eastern Atlantic, and
North Atlantic vary with the AMO, and the regional SST time series are fairly similar
when obtained from different datasets. However, there are some differences in estimates
of SST variability, e.g. the timing of the zero crossing can vary by as much as ~5 years
between datasets. The SST anomalies differ most between data sets in the North Atlantic
region (located east of Newfoundland), and air temperature anomalies exhibit more
irregular behavior than the underlying SST in all of the regions and may not reflect
AMO-related variability in some periods.

Results from previous studies suggest that changes in the strength of the Atlantic
meridional overturning circulation results in AMO-related SSTs over much of the North
Atlantic. While some of the SST differences between periods may reflect fluctuations in
the overturning circulation, processes that are independent of AMOC, such as
anthropogenic forcing, NAO and ENSO variability, likely contribute to these differences.

The atmospheric patterns associated with the positive phase of the AMO, include
anomalous low pressure over the Atlantic between 20°S-50°N, cyclonic surface winds
around the low, reduced wind speeds over the tropical Atlantic and enhanced
precipitation in the eastern tropical Atlantic, with roughly opposite conditions during the
negative phase of the AMO. The atmospheric anomalies are much more variable between
periods at mid and high latitudes. The atmospheric response to these anomalies is most
consistent in the tropics, where positive SST anomalies lead to enhanced precipitation
and a low pressure system poleward of the precipitation. While both tropical and
extratropical SST anomalies can influence the atmosphere (e.g. Sutton and Hodson,

2007), the response is generally not as robust to the latter and internal atmospheric
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variability is greater in mid and high latitudes resulting in a lower signal-to-noise ratio in
the extratropics relative to the tropics. The AMO-related sensible, latent, shortwave and
longwave surface heat flux anomalies in both the tropics and midlatitudes (not shown)
are not consistent across epochs, and have small spatial scales and modest amplitudes (<
5 Wm™). Given that estimates of the surface heat fluxes, which depend on the surface
wind speed, air-sea temperature difference and clouds, are known to have sizeable errors
(e.g. Kubota et al., 2008; Smith et al., 2011; Kent et al., 2012), uncertainty in the fluxes
may well exceed their AMO signal.

The correlation between the AMO and air temperature anomalies is positive over
much of the globe between 40°S and 50°N, with correlations exceeding 0.6 (~95%
significance level) over the Maritime Continent/western tropical Pacific Ocean and the
subarctic portion of the Pacific. The positive phase of the AMO is associated with low
pressure over the subtropical South Atlantic and in a band extending from the North
Atlantic eastward to the tropical West Pacific. However, most of the AMO-SLP
correlation values are not statistically significant outside of the North Atlantic between
0°-40°N and a portion of the northern Indian Ocean.

While the data suggest that the AMO SST signal is coherent and long lived over
much of the North Atlantic, it is relatively small in amplitude. For example, the AMO-
related SST anomalies are on the order of ~0.2°C; in contrast, SST anomalies associated
with the Pacific Decadal Oscillation (PDO) and ENSO can exceed 0.5°C and 1°C,
respectively (e.g. Mantua et al., 1997; Deser et al., 2010). Thus it may be difficult to
determine the AMO-driven processes that impact ecosystems, as they may be subtle

and/or not directly related to the local temperature (see Nye at al., this issue). In addition,
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the long periods involved in the AMO and the short duration of most biological
measurements could lead to a fortuitous correspondence between the two that does not
continue over time. This concern is heightened if the biological quantity under
consideration also exhibits slow variations, e.g. for species which grow and reproduce

slowly.
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Figure Captions

Fig. 1. AMO time series as obtained from the linearly detrended SST Anomalies (°C)
averaged over the entire North Atlantic (0°-70°N, 80°W-10°E) calculated using the 10-
year running mean (black line). Monthly anomalies are shown by the grey line. SSTs are
obtained from the HadISST data set (Rayner et al., 2003).

Fig. 2. The sea surface temperature anomalies relative to the 1871-2008 average for the
periods (a) 1871-1900, (b) 1905-1925, (c) 1930-1963, (d) 1968-1994 and (e) 1995-2008.
The three positive-phase AMO periods are shown in (a), (¢) and (e), and the negative
phase periods in panels (b) and (d). The anomalies, based on de-trended data, are shown
as both contours (interval is 0.1 °C) and shading (interval of 0.05, scale on right of panel
d). (f) Long term mean SST (contoured interval 5°C) and the correlation between the
AMO and the 10-year running mean SST (shading interval 0.1, scale on right of panel f).

Fig. 3. SST anomalies (°C) averaged over the North Atlantic (40°-60°N, 60°-30°W),
Eastern Atlantic (20°-60°N, 30°W-0°) and tropical Atlantic (0°-20°N, 80°W-10°W)
regions (gray rectangles in Fig. 2a): 12-month running mean (grey shading), 10-year
running mean and AMO time series.

Fig. 4. Time series of the AMO and the de-trended 10-year running average of SST
anomalies in the Tropical Atlantic, East Atlantic and North Atlantic regions from the
following datasets: HadISST (blue, repeated from Fig. 3); ERSST (red); Kaplan (green);
ICOADS (black). Also shown are the anomalous air temperature time series (purple)
averaged over the entire North Atlantic (AMO region) as well as for the three smaller
regions. The datasets are described in section 2.

Fig. 5. The seasonal cycle of the long term mean SSTs and the average SST anomalies in
each of the 5 epochs in the Tropical, East and North Atlantic regions. The mean SSTs
(black line without symbols, scale on right) are based on monthly values averaged over
1871-2008. The unfiltered monthly SST anomalies in the warm and cold epochs are
shown for: 1871-1900 (crosses); 1905-1925 (open circles); 1930-1963 (x); 1968-1994
(open squares); 1995-2008 (filled squares), with the scale on the left. Note the scales of
both the mean and epoch anomalies differ between regions.

Fig. 6. As in Fig. 2, but for SLP anomalies. The anomalies are shown as both contours
(interval is 0.2 mb) and shading (interval of 0.1 mb, scale on right of panel d). (f) Long
term mean SLP (contours interval 4 mb) and the correlation between the AMO and the
10-year running mean SLP (shading interval 0.1, scale on right of panel f).

Fig. 7. As in Fig 2 but for the surface wind. (a)-(e) anomalous wind direction (gray equal
length vectors) and anomalous wind speed shown by both contours (0.1 m sec) and
shading (scale to the right of panel d 0.05 m/sec) for the five periods. (f) Mean wind
direction (grey vectors, mean wind speed (contours), correlation between the AMO and
the 10-year running mean wind speed (shading, scale on right).
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Fig. 8. As in Fig. 2, but for the precipitation. The anomalies are shown as both contours
(interval is 0.2 mm day ™) and shading (interval of 0.05 mm day™, scale on right of panel
d). (f) Long term mean precipitation (contours interval 1 mm day™') and the correlation
between the AMO and the 10-year running mean precipitation (shading interval 0.1, scale
on right of panel f).

Fig. 9. Correlations between the AMO index and (a) sea level pressure (SLP) and (c)
surface air temperature (SAT); regressions of (b) SLP and (d) SAT on the AMO. All
variables have been de-trended and smoothed with a 10-year running. The contour
intervals are (a) 0.2, (b) 1.0 mb °C™", (¢) 0.2, and (d) 0.5°C per °C"' change in the AMO.
Absolute correlation (regression) values of 0.6 and 0.8 (1 and 2) are shaded and have
thicker contour lines.
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Fig. 1. AMO time series as obtained from the linearly detrended SST Anomalies
(°C) averaged over the entire North Atlantic (0°-70°N, 80°W-10°E) calculated
using the 10-year running mean (black line). Monthly anomalies are shown by the
grey line. SSTs are obtained from the HadISST data set (Rayner et al., 2003).
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Fig. 2. The sea surface temperature anomalies relative to the 1871-2008 average for the
periods (a) 1871-1900, (b) 1905-1925, (c) 1930-1963, (d) 1968-1994 and (e) 1995-2008.
The three positive-phase AMO periods are shown in (a), (¢) and (e), and the negative
phase periods in panels (b) and (d). The anomalies, based on de-trended data, are shown
as both contours (interval is 0.1 °C) and shading (interval of 0.05, scale on right of panel
d). (f) Long term mean SST (contoured interval 5°C) and the correlation between the
AMO and the 10-year running mean SST (shading interval 0.1, scale on right of panel f).
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Fig. 3. SST anomalies (°C) averaged over the North Atlantic (40°-60°N, 60°-30°W),
Eastern Atlantic (20°-60°N, 30°W-0°) and tropical Atlantic (0°-20°N, 80°W-10°W)
regions (gray rectangles in Fig. 2a): 12-month running mean (grey shading), regional 10-
year running mean and AMO time series
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Fig. 4. Time series of the AMO and the de-trended 10-year running average of SST
anomalies in the Tropical Atlantic, East Atlantic and North Atlantic regions from the
following datasets: HadISST (blue, reference); ERSST (red); Kaplan (green); ICOADS
(black). Also shown are the anomalous air temperature time series (purple) averaged over
the entire North Atlantic (AMO region) as well as for the three smaller regions. The
datasets are described in section 2.
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Fig. 5. The seasonal cycle of the long term mean SSTs and the average SST anomalies in
each of the 5 epochs in the Tropical, East and North Atlantic regions. The mean SSTs
(black line without symbols, scale on right) are based on monthly values averaged over
1871-2008. The unfiltered monthly SST anomalies during the warm epochs (solid lines):
1871-1900 (+), 1930-1963 (x), 1995-2008 (M), and cold epochs (dashed lines): 1905-
1925 (O) and 1968-1994 (0J), with the scale on the left. Note the scales of both the mean
and epoch anomalies differ between regions.
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a) 1871-1900 SLP b) 1905-1925
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Fig. 6. As in Fig. 2, but for SLP anomalies. The anomalies are shown as both contours
(interval is 0.2 mb) and shading (interval of 0.1 mb, scale on right of panel d). (f) Long
term mean SLP (contours interval 4 mb) and the correlation between the AMO and the
10-year running mean SLP (shading interval 0.1, scale on right of panel f).
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Fig. 7. As in Fig 2 but for the surface wind. (a)-(e) anomalous wind direction (gray equal
length vectors) and anomalous wind speed shown by both contours (0.1 m sec) and
shading (scale to the right of panel d 0.05 m/sec) for the five periods. (f) Mean wind
direction (grey vectors, mean wind speed (contours), correlation between the AMO and
the 10-year running mean wind speed (shading, scale on right).
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a) 1871-1900 Precip b) 1905-1925
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Fig. 8. As in Fig. 2, but for the precipitation. The anomalies are shown as both contours
(interval is 0.2 mm day™) and shading (interval of 0.05 mm day', scale on right of panel
d). (f) Long term mean precipitation (contours interval 1 mm day™) and the correlation
between the AMO and the 10-year running mean precipitation (shading interval 0.1, scale
on right of panel f).
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a) AMO=SLP correlation

b) AMO—SLP regression

Fig. 9. Correlations between the AMO index and (a) sea level pressure (SLP) and (c)
surface air temperature (SAT); regressions of (b) SLP and (d) SAT on the AMO. All
variables have been de-trended and smoothed with a 10-year running. The contour
intervals are (a) 0.2, (b) 1.0 mb °C™", (¢) 0.2, and (d) 0.5°C per °C"' change in the AMO.
Absolute correlation (regression) values of 0.6 and 0.8 (1 and 2) are shaded and have
thicker contour lines.
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